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Abstract
In 2011, the U.S. Geological Survey and the U.S. Army Corps of Engineers began monitoring the saltwater interface near Lake Okeechobee to evaluate changes in interface depth that could possibly be related to the repair of the Herbert Hoover Dike. A seepage barrier (or cut-off wall), installed by the U.S. Army Corps of Engineers, is a wall of grout designed to protect the Herbert Hoover Dike from internal erosion caused by the piping of water. The seepage barrier prevents water from flowing through or immediately under the dike by diverting the flow below the dike, into the surficial aquifer system. The seepage barrier extends below the saltwater interface in some areas. Monitoring consisted of collecting water samples and time series electromagnetic-induction log (TSEMIL) datasets from 10 well clusters, each of which have 1 shallow and 1 deep monitoring well, with 5-to 10-foot-(ft) long-screened intervals. The deep wells are 120 to 187 ft deep, and the shallow wells are 44 to 100 ft deep.
Changes in the depth of the saltwater interface were identified that correspond closely to the depth of the bottom of the seepage barrier. These changes may have been the consequence of changes in groundwater flow initiated by the seepage barrier installation. In areas of the dike where a seepage barrier had not been installed, or where the bottom of the seepage barrier is well above the saltwater interface, monitoring detected no changes in the depth of the saltwater interface.
At five of the monitoring-well cluster locations, a long-screened well was also installed for monitoring and comparison purposes. These long-screened wells are 160 to 200 ft deep, and have open intervals ranging from 145 to 185 ft in length. Water samples were collected at depth intervals of about 5 to 10 ft, using 3-ft-long straddle packers to isolate each sampling interval. The results of monitoring conducted using these long-screened interval wells were generally too variable to identify any changes that might be associated with the seepage barrier. Samples from one of these long-screened interval wells failed to detect the saltwater interface evident in samples and TSEMIL datasets from a collocated well cluster. This failure may have been caused by downward flow of freshwater from above the saltwater interface in the well bore.
Introduction
Lake Okeechobee is one of the largest freshwater lakes in the United States ( fig. 1) and is surrounded by the Herbert Hoover Dike (HHD). Modifications to the HHD are being made to prevent its failure. The U.S. Army Corps of Engineers (USACE) constructed the HHD during the 1930s to prevent hurricane-induced floods, like those in 1926 and 1928 , that killed a combined estimated total of 2,400 to 3,400 people (Lloyd's, 2010 ; U.S. Army Corps of Engineers, [n.d.] ). The need for major repairs to the HHD became evident during 2004 and 2005 when Hurricanes Frances, Jeanne, and Wilma damaged the levee through erosion and seepage of water through or under the dike (Abtew and Iricanin, 2008) . When this seepage occurs, it can lead to internal erosion of the dike by piping, defined as the removal of sand-and silt-sized particles by water seeping through the dike. Piping can lead to cavity formation, which in turn, may eventually cause the dike to collapse. Concerning seepage through and beneath the HHD, Bromwell and others (2006) reported that the "Herbert Hoover Dike has narrowly escaped failure from this process on several occasions, and we suspect that its condition may be worsening." The USACE began a project in 2007 to install a seepage barrier (or cut-off wall) to prevent water from seeping through or immediately under the dike (U.S. Army Corps of Engineers, 2013) . The seepage barrier is a wall of grout that diverts the flow of water below the dike into the surficial aquifer system to prevent erosion by piping through the dike and immediately beneath it. The installation of the seepage barrier in the HHD around the lake is being done in stages over sections of the dike called "reaches" (fig. 1) . Reaches 1A-1D of the seepage barrier were completed during October 2009-July 2012. Reaches 2 and 3 have not been installed at the time of this report. 
Changes in the Saltwater
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Source: Esri, DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community The surficial aquifer system is a source of freshwater that is used for private water supply in some areas near Lake Okeechobee. Near the southern edge of the Lake, in Glades, Hendry, and Palm Beach Counties, the freshwater in the aquifer transitions to saltwater beginning at depths of 30 to 120 feet (ft). The ratios of strontium-87 to strontium-86 in water samples of this saltwater indicate that it is most likely residual invaded or relict seawater (Reese and Wacker, 2009 ). In some areas, the seepage barrier extends to a depth near or below that of the saltwater interface. Groundwater flow diverted by the seepage barrier in these areas could possibly alter the distribution of saltwater in the surficial aquifer ( fig. 2 ) and cause saltwater to intrude into areas that were previously fresh ( fig. 2B-C) .
Monitoring was initiated to determine if the interface was disturbed as groundwater flow was altered by the seepage barrier. A monitoring network was designed to detect changes in the depth and concentration of saltwater in the aquifer, using water samples to evaluate chloride concentration, and time series electromagnetic-induction log (TSEMIL) datasets to evaluate changes in bulk conductivity in the aquifer. Monitoring began in August 2011 and continues as of the writing of this report.
This report documents changes in the saltwater interface, likely, resulting from installation of a seepage barrier near Lake Okeechobee, Florida. Monitoring results from August 2011 through January 2014 are summarized herein and compared between locations where the seepage barrier was present or absent to determine the sources of apparent variation in aquifer salinity. Monitoring results from long-and short-screened monitoring wells are compared to evaluate the well design that provides the most reliable results.
Methods
The U.S. Geological Survey (USGS) monitored 20 shallow and deep, short-screened interval monitoring wells installed at 10 sites ( fig. 1; table 1 ). The shallow and deep monitoring wells of each monitoring-well cluster are generally installed within the same borehole ( fig. 3 ). Monitoring wells are cased with polyvinyl chloride (PVC) pipe and have 5-to 10-ft screened intervals. The deep wells are 2 inches (in.) in diameter and between 120 and 187 ft deep (table 1). The shallow wells are 0.75-in. in diameter and are used to collect water samples, generally from near the top of the saltwater interface. When monitoring began, the saltwater interface was about 1 to 7 ft below the bottom of the open intervals of wells GL-332S, PB-1819S, PB-1818S, PB-1821S, and PB-1822S, and 6 and 9 ft above the open interval of PB-1816S and PB-1817S, respectively (table 1). The top of the saltwater interface was about 27 to 67 ft below the bottom of the open intervals of wells HE-1145S, PB-1815S, and PB-1820S when monitoring began. Most of the shallow wells are between 44 and 60 ft deep, but wells PB-1820S and PB-1821S are 95 and 100 ft deep, respectively. Water samples and TSEMIL datasets were collected from each well. Dike showing the freshwater/saltwater mixing zone and the 1,000-milligram-per-liter isochlor (A) prior to the installation of the seepage barrier, and potential changes in the distribution of saltwater in the aquifer after installation of a seepage barrier that (B) extends to a depth near to or below the mixing zone, and (C) is completed to a depth well above that of the mixing zone. Diagram is not to scale. The USACE and the International Analytic Group (IAG) monitored seven long-screened interval wells to aid in the evaluation of changes that might be related to installation of the seepage barrier. Five of these long-screened wells are located near the short-screened wells monitored by the USGS ( fig. 1 and table 2 ). These five long-screened wells are 160 to 200 ft deep, and have open intervals ranging from 145 to 185 ft in length. Data from these five wells were used to help evaluate differences between water samples obtained from long-screened wells and the water samples and TSEMIL datasets collected in short-screened wells.
TSEMIL datasets, collected by the USGS, consist of a series of electromagnetic-induction (EMI) logs collected through time. Generally the individual EMI logs of the TSEMIL datasets were collected on a monthly or bimonthly basis for this project. EMI logs measure the bulk conductivity of the aquifer, which is a function of the electrical conductivity of the pore water and the characteristics of the rock matrix, including pore structure, shape, and total porosity. Changes in the bulk conductivity can be detected, even through PVC well casings. TSEMIL datasets depict temporal changes in the conductivity of the water in the aquifer, because the characteristics of the rock matrix generally do not change appreciably during the period of monitoring. Individual EMI logs in the TSEMIL dataset are color coded by collection date in the red, orange, yellow, green, blue, indigo, and violet color sequence. The most recent log is colored black. If all of the individual EMI logs plot directly on top of each other, the water conductivity is not changing. A monotonic increase or decrease in water conductivity through time results in a set of curves or curve segments that follow the above mentioned color sequence. TSEMIL datasets were processed as described in Prinos and others (2014) . EMI logs collected between August 2012 and April 2013 showed an increase in measurement noise, relative to preceding and subsequent logs. A 5-point moving average was used to smooth the data in those logs where the noise obscured the changes in bulk conductivity. Prinos and others (2014) established the relation between bulk conductivity from EMI logs and chloride concentrations of water samples collected in the Biscayne aquifer of MiamiDade County, Florida, which showed that parts of the aquifer containing saltwater with 1,000 milligrams (mg/L) of chloride or greater have formation conductivity values of about 100 millisiemens per meter (mS/m) or greater (equivalent to a bulk resistivity of about 10 ohm-m or less). For the purposes of this study, the shallowest depth at which an EMI log indicated a bulk conductivity of 100 mS/m was generally considered to be the top of the saltwater interface, except where EMI logs may have been affected by variations in water saturation of the unsaturated zone, or where layers of conductive clay resulted in greater than normal bulk conductivity. Water samples were collected by the USGS from the shallow and deep short-screened interval monitoring wells to evaluate the chloride concentration and specific conductance of water in the aquifer. Wells were sampled, monthly or bimonthly, to evaluate temporal changes in salinity. Water samples were collected from the wells, following the removal of 3 to 5 well volumes of water, to ensure that the samples were representative of water in the aquifer rather than in the well bore. Samples were not filtered prior to analysis. The chloride concentration of water samples was determined by the USGS using a Seal Analytical AQ1 discrete analyzer. Specific conductance was measured using a Mettler Toledo Seven Easy conductivity meter.
IAG collected water samples from the long-screened interval wells at depth intervals of about 5 to 10 ft using straddle packers to isolate each sampling interval. Each packer was 3 ft long, and a bladder pump located between the packers was used to collect the water samples. A YSI multi-parameter meter was used to measure field water-quality parameters. Water samples were analyzed by the TestAmerica laboratory. Quality assurance samples including method blanks were also collected. Method blanks were used to determine if the equipment cleaning procedures designed to prevent cross contamination between wells had successfully removed all traces of the analyte for which sampling is conducted. Detections of the analyte in method blanks are noted in the figures and appendixes of this report.
Results
Monitoring results from locations where the seepage barrier was installed can be compared to those from locations without it to understand whether apparent changes in aquifer salinity are caused by natural variation, ambiguity in results, or the barrier. Sample results from the shallow well of each short-screened well cluster, for example, generally showed increases in chloride concentration where the seepage barrier was installed to a depth near or below that of the saltwater interface ( fig. 4D-G Sample results from five of the long-screened wells monitored by IAG are compared to those of water samples and TSEMIL datasets collected from the collocated shortscreened well clusters in the "Comparison of Information From Short-Screened and Long-Screened Wells" section of this report. IAG sample results were provided by the USACE (appendix 1; Mark Shafer, U.S. Army Corps of Engineers, written commun., April 25, 2011). Long-screened wells, like those monitored by IAG during this study, are commonly used to monitor salinity in Florida, as well as in other states and countries. Well-bore flow under ambient conditions, however, has been shown to alter the distribution of salinity in the well relative to that in the aquifer (Reilly and others, 1989; Johnson and others, 2002; Shapiro, 2002; Oki and Presley, 2008; Runkel and others, 2008; and Shalev and others, 2009 ). Information collected from the short-screened and long-screened wells can be compared to evaluate any differences that may have resulted from flow within the well bore.
TSEMIL datasets from most monitoring wells indicated temporal changes in bulk conductivity near the water table.
The maximum depth of the water table in well PB-1821, for example, was 10.42 ft below land surface ( fig. 5 ). The induction logging probe is 5.2 ft long, and in this instance, would not be fully submerged until it reached a depth of 15.6 ft. Bulk conductivity values in the TSEMIL dataset for the interval 0 to 16 ft could possibly be influenced by temporal variations in the water saturation in the unsaturated zone above the depth of the water table and by incomplete submergence of the probe. Although the delineation of these changes was not the focus of this study, the maximum water table depth and depth at which the probe is fully submerged are depicted on some of the graphs of the TSEMIL datasets for informational purposes.
Locations Without a Seepage Barrier
Water sample results and TSEMIL datasets generally did not indicate large changes in bulk conductivity or salinity near the depth of the saltwater interface at locations where the seepage barrier had not been installed. At the time of this study, reaches 2 and 3 of the barrier had not been installed near well clusters GL-332S/GL-332, HE-1145S/HE-1145, and PB-1822S/PB-1822 ( fig. 1) . The monitoring-well cluster PB-1821/PB-1821S is located 1,150 ft south of the end of reach 1D of the seepage barrier on Torry Island, 940 ft west of the HHD (table 1); this is the only well cluster on the Lake Okeechobee side of the HHD. Throughout most of the depth interval of well PB-1821, except near the water table, the 10 individual logs of the TSEMIL dataset plot directly or almost directly on top of each other, which indicates little or no change in bulk conductivity through time ( fig. 5) . Changes of only 1 to 5 mS/m in the depth intervals 14 to 28 ft, 71 to 91 ft, and 109 to 134 ft were observed. The depth of the top of the saltwater interface increased by 0.8 ft during the study. The open interval of the shallow well PB-1821S is about 7 ft above the saltwater interface ( fig. 5; table 1) . The chloride The TSEMIL datasets from wells GL-332, HE-1145, and PB-1822 indicated little or no change in the depth of the saltwater interface during this study (figs. 6A, 7A, and 8A). The TSEMIL dataset from well GL-332 ( fig. 6A ) indicated variations in bulk conductivity through time in the depth interval 20 to 30 ft. These variations are almost entirely above a greenish clay and silt layer that extends from about 28 to 44 ft below land surface. Clay typically has a higher electrical conductivity than sand or limestone (U.S. Environmental Protection Agency, 2014a). This clay and silt layer is indicated within the depth interval 32 to 42 ft of the TSEMIL dataset by bulk conductivities that are up to 130 mS/m and relatively constant through time. The saltwater interface, inferred from the TSEMIL dataset, begins below this clay and silt layer, at a depth of 62 ft. Just above the saltwater interface, there was a minor 6-mS/m increase in bulk conductivity through time. Temporal changes in bulk conductivity near the saltwater interface are probably not related to temporal changes in the depth interval 20 to 30 ft because the clay unit between them likely restricts vertical flow in the aquifer. There was little or no temporal change in bulk conductivity in the interval 60 to 108 ft and a minor increase in the interval 108 to 129 ft. The chloride concentration of water samples from the shallow well, GL-332S, screened from 55 to 60 ft, varied through time but increased by 90 mg/L overall during the study ( fig. 4A ).
The drawdown induced by well sampling in well GL-332 was so great that a sample could not readily be collected. The TSEMIL dataset from well HE-1145 indicated minor temporal variations in bulk conductivity above the saltwater interface but no change in the depth of the interface ( fig. 7A) . During the study, the chloride concentration of samples from well HE-1145S only varied by 20 mg/L (fig. 4B ). The TSEMIL dataset from well PB-1822 indicated a minor 14-mS/m variation in bulk conductivity in the depth interval 55 to 60 ft, which is a few feet above the top of the saltwater interface ( fig. 8A ). Water samples from the shallow well, PB-1822S, screened at the same depth as this variation in bulk conductivity, indicated that chloride concentration at this depth varied by about 24 mg/L ( fig. 4J ). The chloride concentration of water samples from the deep well, PB-1822, only varied by 10 percent during the project (appendix 2). Monitoring-well cluster PB-1817/PB-1817S is farther away from the HHD than the other wells. The cluster is located adjacent to the West Palm Beach Canal and 1,550 ft southeast of the centerline of the HHD, and there is a 500-ft gap in the seepage barrier at this location (table 1). The seepage barrier south of this location was completed in February 2011, and the barrier to the north was completed in August 2012. The chloride concentration of samples from well PB-1817S increased after the completion of the seepage barrier to the south, but decreased briefly after completion of the northern seepage barrier before resuming an overall increase of 800 mg/L, relative to the initial chloride concentration ( fig. 4E ). In the depth interval 50 to 70 ft, near the depth of the bottom of the seepage barrier, the bulk conductivity of EMI logs increased, but the depth to the top of the saltwater interface only oscillated up and down slightly through time ( fig. 9 ). Generally, bulk conductivity increased overall in the depth interval 81 to 110 ft, but these changes varied through time and with depth.
Locations With a Seepage Barrier
The TSEMIL datasets from the wells PB-1815, PB-1816, PB-1818, and PB-1819, where the seepage barrier extends near to or below the top of the saltwater interface, indicated changes in the depth and bulk conductivity of the interface (figs. 10; 11; 12A, C, D; and 13). The TSEMIL datasets from these wells indicated (1) decreases in the depth of the saltwater interface, through time, of 2.4 to 18.7 ft; (2) increases in bulk conductivity through time from depths of 0 to 29 ft above to 0 to 18 ft below the bottom of the seepage barrier; and (3) decreases in bulk conductivity, through time, in the aquifer, beginning at depths of 11 to 18 ft below the bottom of the seepage barrier and extending to depths of 34 to 73 ft below the bottom of the seepage barrier.
The TSEMIL dataset from well PB-1815 indicated temporal changes in bulk conductivity that corresponded closely with the depth of the bottom of the seepage barrier, 46 ft, which was completed in May 2010 ( fig.10; table 1 ). This dataset consists of 21 EMI logs that were collected on a monthly basis. Between August 2011, when the first log was collected, and April 2013, the bulk conductivity of the aquifer increased by as much as 25 mS/m in the depth interval 46 to 74 ft, and the depth of the saltwater interface decreased by 2.4 ft. Bulk conductivity decreased in the depth interval 74 to 80 ft. Bulk conductivity had initially increased in the depth interval 64 to 74 ft but started decreasing in September 2012. The saltwater interface, therefore, may be gradually beginning to return to its initial depth. Below a depth of about 87 ft, the TSEMIL dataset indicated little or no change in bulk conductivity. Analyses of water samples at well PB-1815S did not indicate an increase in chloride concentration because the bottom of the well's intake was 25.4 to 23 ft above the saltwater interface during this study ( fig. 10 ). All but one of the water samples from the deep well, PB-1815, have a chloride concentration of 13,000 mg/L (appendix 2).
Most of the reaches of the seepage barrier ( fig. 1 ) were completed before monitoring began at the well clusters. The seepage barrier near monitoring-well cluster PB-1816/ PB-1816S, for example, was completed in January 2011, about 8 months before monitoring began. In the depth interval 36 to 68 ft, which brackets the depth of the seepage barrier, the TSEMIL dataset from PB-1816 indicated increasing bulk conductivity during August 2011-January 2014 (fig. 11) ; the depth of the saltwater interface decreased 5.5 ft during this period. The chloride concentration of water samples collected from well PB1816S increased from 8,600 to 11,000 mg/L between October 26, 2011, and January 30, 2014 ( fig. 4D ). Beginning about 11 ft below the bottom of the seepage barrier, bulk conductivity in the depth interval 68 to 104 ft decreased, and there was little or no change in bulk conductivity below a depth of 106 ft. The chloride concentration of samples from the deep well, PB-1816, varied between 14,000 and 16,000 mg/L (appendix 2).
The TSEMIL dataset collected in monitoring well PB-1818 indicated (1) a temporal decrease in the depth of the saltwater interface of 3.7 ft during the study period; (2) a temporal increase in bulk conductivity from about 29 ft above to 8 ft below the bottom of the seepage barrier; (3) a temporal decrease in bulk conductivity from 18 to 49 ft below the bottom of the seepage barrier (fig. 12D) ; and (4) a temporal increase in bulk conductivity from about 70 to 77 ft below the bottom of the seepage barrier, which corresponds to the depth interval 127 to 134 ft ( fig. 12A ). Water samples collected from the deep well, PB-1818, which is open from 135 to 140 ft (table 1), indicated a variation in chloride concentration of 2,000 mg/L (appendix 2). Water samples from the shallow well, PB-1818S, indicated an increase in chloride concentration of 2,500 mg/L ( fig. 4F) .
Monitoring-well cluster PB-1819/PB-1819S was the only cluster monitored before the seepage barrier was completed in its vicinity. Monitoring at this cluster began in August 2011, 8 months before the seepage barrier was completed. The TSEMIL dataset from well PB-1819 indicated that prior to completion of the seepage barrier, there was little or no change in the bulk conductivity of aquifer materials. The first EMI log collected after the seepage barrier was completed in April 2012 indicated an increase in bulk conductivity through time in the depth interval 50 to 60 ft, near the depth of the bottom of the seepage barrier ( fig. 13 ). Subsequent EMI logs indicated an increase of as much as 98-mS/m in bulk conductivity from 15 ft above to 8 ft below the bottom of the seepage barrier, decreases in bulk conductivity from 11 to 73 ft below the bottom of the seepage barrier, and a decrease of 18.7 ft in the depth of the saltwater interface. After the seepage barrier was completed, the chloride concentration of the water samples from the shallow well, PB-1819S, increased from 210 to 1,600 mg/L between March 28, 2012, and June 18, 2012 ( fig. 4G) . The chloride concentration of water samples from the deep well, PB-1819, varied between 5,600 and 6,000 mg/L (appendix 2). A seepage barrier was installed near monitoring well PB-1820 in October 2009. The bottom of the seepage barrier is 75 ft above the top of the saltwater interface at this location ( fig. 14) . The chloride concentration of water samples from well PB-1820S, which is about 27 ft above the top of the saltwater interface, only varied by 20 mg/L (fig. 4H ). The TSEMIL dataset indicated an increase of 0.5 ft in the depth of the saltwater interface at this location and as much as a 10-mS/m decrease in bulk conductivity in the depth interval 108 to 121 ft, which is just above the interface. Between October 2011 and April 2013, the chloride concentration of samples from the wells PB-1820 decreased from 1,900 to 1,800 mg/L (appendix 2). Bulk conductivity increased as much as 18 mS/m from 13 to 32 ft above the top of the seepage barrier. 
Comparison of Information From Short-Screened and Long-Screened Wells
The results of monitoring of the long-screened interval wells were probably affected by flow within the well bore and were frequently too temporally variable to be used to evaluate changes in aquifer salinity that could be related to installation of the seepage barrier. The concentration of total dissolved solids (TDS) of water samples collected from the long-screened monitoring wells HHD08-R1D-MW5D ( fig. 15 ), HHD10-R2-MW18F ( fig. 7B ), HHD10-R3-MW18F ( fig. 8B) , and HHD10-R2-MW4F ( fig. 6B ) varied over time to a greater extent than the results of water sampling and electromagnetic-induction logging in the respective, collocated, short-screened well clusters, PB-1820S/PB-1820 (figs. 4H and 14), HE-1145S/HE-1145 (figs. 4B and 7A), PB-1822S/PB-1822 (figs. 4J and 8A), and GL-332S/GL-332 (figs. 4A and 6A). The TDS and chloride concentrations of water samples from a depth of 130 ft in well HHD08-R1D-MW5D, for example, varied by 34 and 43 percent, respectively, of the maximum concentrations sampled at this depth (appendix 1; fig. 15 ). The chloride concentration of water samples from well PB-1820, which is collocated with well HHD08-R1D-MW5D and open to the aquifer in the depth interval 125 to 130 ft, decreased by only 5 percent, from 1,900 to 1,800 mg/L (appendix 2). The TSEMIL dataset from well PB-1820 indicated only a slight decrease in bulk conductivity at 130 ft ( fig. 14) .
The concentrations of TDS and chloride in water samples from well HHD10-R2-MW18F, varied by 28 and 59 percent, respectively, of the maximum sampled at 60 ft ( fig. 7B and appendix 1). The chloride concentration of samples from well HHD10-R2-MW18F at a depth of 60 ft ranged from 24 to 59 mg/L, whereas the chloride concentration of water samples Depth, in feet below land surface The saltwater interface evident in information from well cluster HE-1145/HE-1145S is not evident in the information from well HHD10-R2-MW18F. Water samples from well cluster HE-1145S/HE-1145 indicated chloride concentrations of 130 to 150 mg/L at 55 to 60 ft, and 930 to 990 mg/L at 145 to 150 ft (appendix 2; table 1). The TSEMIL dataset from well HE-1145 indicated that bulk conductivity gradually increased with depth from 80 to 158 ft ( fig. 7A) . The maximum chloride concentration of samples from collocated well HHD10-R2-MW18F was only 71 mg/L (appendix 1), which is well below the U.S. Environmental Protection Agency secondary drinking water standard of 250 mg/L (U.S. Environmental Protection Agency, 2014b). The TDS concentration of water samples from well HHD10-R2-MW18F was generally greater at the depths of 60 or 90 ft than at from collocated well HE-1145S, which is open to the aquifer from 55 to 60 ft, ranged from 130 to 150 mg/L and varied by only 13 percent of the maximum ( fig. 4B ; appendix 2). Although, some erroneous data in the TSEMIL dataset from well HE-1145, in the depth interval 59 to 62 ft, had to be deleted, there was little or no change in the depth interval 55 to 59 ft ( fig. 7A ). fig. 8B ). The slope of increasing TDS concentration with depth in well HHD10-R3-MW18F is somewhat similar to the slope of increasing bulk conductivity with depth in the collocated well PB-1822 (fig. 8A) ; however, there is generally greater temporal variation in the results of TDS samples from HHD10-R3-MW18F, than in bulk conductivity in well PB-1822. Water samples collected at a depth of 90 ft in monitoring well HHD10-R3-MW18F, for example, indicated that the TDS and chloride concentrations varied by 35 percent (appendix 1), yet at this same depth, the TSEMIL dataset from well PB-1822 indicated no temporal change in bulk conductivity during April 2012-February 2013.
The TDS and chloride concentrations of water samples from a depth of 60 ft in the long-screened well HHD10-R2-MW4F varied by 76 and 75 percent, respectively (appendix 1; fig. 6B ), yet the chloride concentration of water samples from collocated well GL-332S varied through time by only about 16 percent in the depth interval 55 to 60 ft ( fig. 4A ; appendix 2). At a depth of 90 ft, water samples from well HHD10-R2-MW4F indicated that TDS and chloride concentrations varied by 80 and 89 percent, respectively, yet the TSEMIL dataset from well GL-332 indicated little or no temporal change in bulk conductivity at this depth ( fig. 6A-B) . The TDS concentration of the sample collected at a depth of 120 ft in January 2013 in well HHD10-R2-MW4F was about 6 times that of the sample collected in August 2012, yet the TSEMIL dataset from well GL-332 indicated only a minor increase in bulk conductivity during the study ( fig. 6A-B) . A possible explanation for this difference is dilution of the August 2012 sample from well HHD10-R2-MW4F by downward flow of less saline water within the open well bore.
Water samples collected during April 2012-January 2013 from the long-screened monitoring well HHD08-R1C-MW8D indicated an increase of 3,000 mg/L in the TDS concentration at a depth of 50 ft and a variation in TDS concentration of 22,000 to 27,000 mg/L at 130 ft (appendix 1; fig. 12B ). These depths do not correspond to the depths sampled in collocated well cluster PB-1818S/PB-1818, therefore, water sample results cannot be compared. The TSEMIL dataset from well PB-1818 indicated increases in bulk conductivity at 50 and 130 ft during this period ( fig. 12A ). Although the changes in TDS samples from HHD08-R1C-MW8D corresponded to changes in the TSEMIL dataset from the collocated well PB-1818, these changes are much smaller than some of the changes observed in other long-screened wells at locations where no seepage barrier had been installed. The data from the collocated well clusters showed little or no changes; therefore, it would be difficult to evaluate any effects that might have resulted from the installation of the seepage barriers using data from the long-screened wells alone.
Conclusions
A seepage barrier is being installed along the Herbert Hoover Dike (HHD), around Lake Okeechobee, to prevent its failure. Monitoring was initiated to determine if the saltwater interface was disturbed as groundwater flow was altered by the seepage barrier. The monitoring network consisted of 20 shallow and deep, short-screened interval monitoring wells installed at 10 sites, from which water samples and timeseries-electromagnetic-induction-log (TSEMIL) datasets were collected. Water samples were collected from the monitoring wells, following the removal of 3 to 5 well volumes of water to ensure that the samples were representative of water in the aquifer rather than that within the well bore. At five of the locations monitored by the U.S. Geological Survey, the U.S. Army Corps of Engineers and the International Analytic Group monitored collocated long-screened interval wells by collecting water samples using a straddle packer system.
Monitoring results indicate that the seepage barrier may be altering groundwater flow and disturbing the layer of saltwater within the surficial aquifer. Changes in bulk conductivity values in the TSEMIL datasets, closely associated with the depth of the seepage barrier, were evident at all of the monitoring locations where the seepage barrier was installed to a depth near to, or below, that of the top of the saltwater interface. The TSEMIL datasets collected from deep monitoring wells PB-1815, PB-1816, PB-1818, and PB-1819 showed (1) decreases in the depth of the saltwater interface of 2 to 19 feet (ft), (2) increases in bulk conductivity extending from depths 0 to 29 ft above to 0 to 18 ft below the bottom of the seepage barrier, and (3) dilution of the saltwater in the aquifer extending from depths of 11 to 18 ft to 34 to 73 ft below the bottom of the seepage barrier. These changes are probably the result of the diversion of groundwater flow under the seepage barrier, where it is causing saltwater from deeper in the aquifer to move upward at the monitoring locations. This groundwater flow also appears to be diluting saltwater in the aquifer at depths well below the seepage barrier.
The TSEMIL dataset from monitoring well PB-1817 indicated slight increases in bulk conductivity, but the depth to the top of the saltwater interface has not changed substantially. The lack of change may be related to the monitoring well location, because it is 1,750 ft from the HHD, adjacent to the West Palm Beach Canal, and located near a 500-ft gap in the seepage barrier. Seepage of freshwater from the canal may have been a factor in preventing decreases in the depth of the saltwater interface at this location. A potential increase in groundwater flow through the seepage barrier gap could have transported more saline groundwater from the north and south to well PB-1817 without establishing an upward groundwater flow gradient at the well location that could cause the saltwater interface to become shallower.
At monitoring well location PB-1820, where the depth of the saltwater interface is 75 ft below the bottom of the seepage barrier, there was a slight increase in the depth of the saltwater interface and a slight decrease in bulk conductivity just above the interface. These changes may have been caused by deeper circulation of fresh groundwater resulting from the installation of the seepage barrier. Where the seepage barrier was not installed, the changes in bulk conductivity and chloride concentration were generally minor. At these locations, therefore, water conductivity does not appear to have changed substantially in the aquifer.
At the locations of monitoring wells GL-332, HE-1145, PB-1821, and PB-1822, where a seepage barrier had not been installed, there was little or no change in the depth of the saltwater interface through time. The TSEMIL dataset from well PB-1821 indicated virtually no change in bulk conductivity, except near the water table. The seepage barrier ends 1,150 ft north of this well, and the well is located 1,050 ft west of the HHD and on the Lake Okeechobee side of the dike.
The results of water sampling to evaluate the concentration of total dissolved solids in monitoring wells HHD10-R2-MW4F, HHD10-R2-MW18F, and HHD10-R3-MW18F varied by as much as 20 to 85 percent, respectively, even though a seepage barrier had not been installed at these well locations. These variations were much greater than those indicated by chloride concentration sampling and electromagnetic-induction logging in collocated short-screened monitoring-well clusters PB-1822S/PB-1822 and GL-332S/GL-332. The saltwater interface evident in samples and TSEMIL datasets from well cluster HE-1145S/HE-1145 could not be identified in the information collected from the collocated well HHD10-R2-MW18F.
The variability of water-sample results from the long-open-interval wells could be explained by well-bore flow under ambient conditions, which has been shown to alter the distribution of salinity in the well relative to that in the aquifer. Even though the long-screened wells were purged prior to sampling, it is unlikely that this would remove all water that might have flowed through the well bore and into the aquifer. It is also possible that when the well is pumped during sampling, water may flow vertically through the annulus between the well screen and wall of the borehole, because there are no seals to prevent this flow.
